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ABSTRACT 
 
 
The effects of ocean acidification (OA), which results from increased CO2 emissions, 
are of particular concern for calcifying marine organisms. In marine invertebrates, the larval 
stages are generally considered the most vulnerable to the effects of OA and many recent 
studies show negative impacts of OA on early developmental stages of calcifying marine 
invertebrates. I studied the impact of OA on larval swimming performance and behavior in 
the Pacific oyster, Crassostrea gigas, and the Olympia oyster, Ostrea lurida. Swimming 
studies can be used to understand how short-term performance and behavior changes may 
affect the long-term success of populations. In this study, digital larval tracking was used to 
test for changes in swimming performance and behavior in larvae reared at pCO2 levels of 
400, 800, and 1200 ppm. Experiments were run on hatchery-bred larvae from the beginning 
of the larval period to the pediveliger stage. Morphological and energetic changes were 
analyzed to determine if they corresponded to swimming performance and behavior 
differences between pCO2 treatments. Results showed few swimming performance changes 
in C. gigas larvae and no changes in swimming behavior, suggesting that transport will not 
be affected by OA in this species. However, C. gigas was affected morphologically and 
energetically by OA. O. lurida increased swimming speeds in response to increased pCO2 
levels, but vertical displacement velocity did not change. O. lurida also increased helical 
pitch and energy allocated to swimming in response to OA, but did not show any 
morphological changes. Swimming performance and behavior changes observed in O. lurida 
suggest that OA could affect larval transport and connectivity in this species, ultimately 
affecting the success of later developmental stages.  
 
	 v 
ACKNOWLEDGEMENTS 
 I would first like to express my gratitude for my primary advisor, Dr. Shawn 
Arellano, whose knowledge of larval biology guided me through the process of my thesis 
research. I am grateful for the direction, support, and dedication she provided during this 
project. I would also like to acknowledge my committee members, Dr. Brian Bingham, who 
was critical in teaching me the ways of statistics and Dr. Brooke Love, whose understanding 
of and guidance in ocean chemistry was essential for my research. Drs. Brady Olson and 
Katherina Schoo were very helpful in assisting with troubleshooting problems encountered in 
the ocean acidification lab. I am also very thankful for Rhonda Elliott, whose assistance in 
running experiments, day and night, and even on weekends was instrumental in my success. 
Additionally, Jake Lawlor and Chelsea Collins helped in collecting samples and maintaining 
larval cultures during experiments. Sam Peart’s data from research conducted in 2013 was 
very helpful in the development and design of my experiment. Taylor Shellfish Hatchery and 
Whiskey Creek Shellfish Hatchery graciously donated larvae for my research. Finally, I 
would like to acknowledge the faculty and staff at Shannon Point Marine Center for 
providing equipment, space, and encouragement during my time spent there.  
 This research was supported through the Western Washington University Fund for 
the Enhancement of Graduate Research, Huxley College Small Grant, a Summer Scholarship 
through Padilla Bay National Estuarine Research Reserve, the Flora Graduate Summer 
Scholarship, and North Cascades Audobon Society. 	
 
 
 
 
 
	 vi 
TABLE OF CONTENTS 
 
 
ABSTRACT………………………………………………………………………………….iv 
ACKNOWLEDGEMENTS…………………………………………………………………..v 
LIST OF FIGURES……………………………………………...……………………..........vii 
LIST OF TABLES…………………………………………………………………………….x 
INTRODUCTION…………………………………………………………………………….1 
METHODS…………………………………………………………………………………....6 
 Study organisms………………………………………………………………………6 
 Larval rearing………………………………………………………………………....6 
 Carbonate chemistry…………………………………………………………………..8 
 Larval swimming observations………………………………………….....………...10 
 Larval shell morphology……………………………………………………………..13 
 Larval energetics……………………………………………………………………..14 
RESULTS……………………………………………………………………………………18 
 Carbonate chemistry analysis………………………………………………………..18 
 Larval swimming performance……………………………………………………....20 
 Larval swimming behavior…………………………………………………………..25 
 Larval shell growth……………………………………………………………….….33 
 Larval energetics……………………………………………………………………..36 
DISCUSSION………………………………………………………………………………..40 
 Effect of ocean acidification on C. gigas……………………………………….…....40 
 Effect of ocean acidification on O. lurida……………………………...…………....43 
 Species-specific comparison…………………………………………………………45 
 Implications for wild populations………………………...……………………...…..46 
REFERENCES………………………………………………...…………………..………...49 
APPENDIX A………………………………………………...……………………………..56 
APPENDIX B………………………………………………………………………………..60 
 
 
 
	 vii 
LIST OF FIGURES 
 
Figure 1. Schematic of the larval swimming path and kinematics. (A) Diagram shows one 
full revolution of a larval helical path with width w and pitch p, which results in a net ascent 
velocity T. (B) Bivalve larvae as viewed from the anterior side. Shows that the shells 
(shaded) create a separation of the center of gravity (CG) and the center of buoyancy (CB) by 
the distance L (exaggerated) and results in a gravitational torque (Tgrav). Modified from 
Jonsson et al. 1991……………………………………………………………………….......2 
 
Figure 2. Representative larval swimming tracks under ambient pCO2 treatments from a 5-
minute video clip of day 25 down-swimming C. gigas larvae…………………..…….…….11 
 
Figure 3. Three-dimensional helix depicting components of larval path and helical pitch and 
width. Modified from Figure 2 in Chan & Grünbaum 2010……………………..………….12 
 
Figure 4. Effects of ocean acidification on the swimming performance of day 11 and 25 C. 
gigas larvae. Data are (A-B) average up swimming speed (C-D) average down swimming 
speed, (E-F) up y-displacement velocity, and (G-H) down y-displacement velocity. Values 
are means ± standard error. Different letters indicate treatments that were significantly 
different based on Fisher’s LSD post-hoc analysis (α=0.05). ANOVA results are shown in 
Table 3………….……………………………………………………………..…………..…21 
 
Figure 5. Effects of ocean acidification on the swimming performance of day 5, 9, and 17 O. 
lurida larvae. Data are (A-C) average up-swimming speed, (D-F) average down-swimming 
speed, (G-I) up y-displacement velocity, and (J-L) down y-displacement velocity. Values are 
means ± standard error. Different letters indicate treatments that were significantly different 
based on Fisher’s LSD post-hoc analysis (α=0.05). ANOVA results are shown in Table 
4………………………………………………………………………………………………23 
 
Figure 6. Effects of ocean acidification on the swimming behaviors of day 11 and 25 C. gigas 
larvae. Data are (A-B) tortuosity of up swimming larvae (ANOVA results in Table 5), (C-D) 
tortuosity of down swimming larvae (ANOVA results in Table 5), and (E-F) proportion of 
non-swimming larvae (ANOVA results in Table 6). Lower tortuosity values indicate a more 
tortuous path and a tortuosity value of 1 indicates a straight path. Values are means ± 
standard error. Different letters indicate treatments that were significantly different based on 
Fisher’s LSD post-hoc analysis (α=0.05).………………..………………………..………...25 
 
Figure 7. Percent abundance throughout the water column of day 11 and 25 C. gigas larvae in 
each pCO2 treatment. Average center of larval mass (CLM) values are reported for each 
treatment on each day. CLM results were analyzed for differences between treatments (Table 
6). ND indicates the water level did not reach that location in the water column for a given 
day and treatment….…………………………………………………………………………26 
 
 
 
	 viii 
Figure 8. Effects of ocean acidification on the swimming behaviors of day 5, 9, and 17 O. 
lurida larvae. Data are (A-C) tortuosity of up swimming larvae (ANOVA results in Table 5), 
(D-F) tortuosity of down swimming larvae (ANOVA results in Table 5), and (G-I) proportion 
of non-swimming larvae (ANOVA results in Table 6). Lower tortuosity values indicate a 
more tortuous path and a tortuosity value of 1 indicates a straight path. Values are means ± 
standard error. Different letters indicate treatments that were significantly different based on 
Fisher’s LSD post-hoc analysis (α=0.05)..……………………………………..…………...30 
 
Figure 9. Effects of ocean acidification on helical pitch and width of age 17 O. lurida up 
swimmers. Data are (A) average helical pitch for 10 O. lurida larvae from each treatment 
(ANOVA, F=7.08, P=0.003) and (B) average helical width for 10 O. lurida larvae from each 
treatment (ANOVA, F=2.78, P=0.08). Different letters indicate treatments that were 
significantly different based on Fisher’s LSD post-hoc analysis (α=0.05). Values are means ± 
standard error………….……………………………………………………………………..31 
 
Figure 10. Percent abundance throughout the water column of day 5, 9, and 17 O. lurida 
larvae in each pCO2 treatment. Average center of larval mass (CLM) values are reported for 
each treatment on each day. CLM results were analyzed for differences between treatments 
(Table 6). Different letters indicate treatments that were significantly different based on 
Fisher’s LSD post-hoc analysis (α=0.05). ND indicates the water level did not reach that 
location in the water column for a given day and treatment……..…………………....…….32 
 
Figure 11. Effect of ocean acidification on the growth rate of and C. gigas day 11 and 25 
larvae and O. lurida day 5, 9, and 17 larvae. Data are (A) shell growth rate for C. gigas based 
on shell length calculations from days 11 and 25, (B) shell growth rate for O. lurida shell 
growth rate based on length calculations from days 5 and 17, C) shell growth rate for C. 
gigas based on shell weight calculations from days 11 and 25 (ANOVA, F=532.22, 
P<0.001), and (D) shell growth rate for O. lurida shell growth rate based on weight 
calculations from days 5 and 17. Values are means ± standard error. Different letters indicate 
treatments that were significantly different based on Fisher’s LSD post-hoc analysis 
(α=0.05)……………………………………………………………………………………..34 
 
Figure 12. Effect of ocean acidification on the energetics of C. gigas day 11 and 25 larvae. 
Data are (A) total energy consumption in day 11 larvae (ANOVA, F=7.70, P=0.014), (B) 
total energy consumption in day 25 larvae (ANOVA, F=13.57, P=0.004), (C) proportion of 
energy allocated to swimming in day 11 larvae (ANOVA, F=39.13, P<0.001), and (D) 
proportion of energy allocated to swimming in day 25 larvae (ANOVA, F=30.89, P<0.001). 
Values are means ± standard error. Different letters indicate treatments that were 
significantly different based on Fisher’s LSD post-hoc analysis (α=0.05)………….………37 
 
Figure 13. Effect of ocean acidification on the energetics of O. lurida day 5, 9, and 17 larvae. 
Data are (A-C) total energy consumption (Day 5 ANOVA, F=15.27, P=0.002) and (D-F) 
proportion of energy allocated to swimming (Day 9 ANOVA, F=13.92, P=0.002, Day 17 
ANOVA, F=57.34, P<0.001). Values are means ± standard error. Different letters indicate 
treatments that were significantly different based on Fisher’s LSD post-hoc analysis 
(α=0.05)..…………………………………………………………………………………….39 
	 ix 
 
Figure A1. Box and whiskers plot of calculated pCO2 values for samples taken during 
experiments, showing the full range of the data excluding outliers (individual points). 
Filtered seawater (“FSW”) was collected directly from carboys of bubbled pre-equilibrated 
culture water during both experiments. These samples were collected on most days when 
samples were taken following 48 hours of incubation with larvae (“Larvae”, see Figure A2). 
FSW containing only algae (“Algae”) and incubated FSW (“IFSW”) were collected at the 
beginning of the O. lurida experiment following 48 hours of incubation. One-way ANOVA 
was run to determine that larvae and/or algae were not significantly altering pCO2 levels. One 
significant difference was found*, which could be the result of elevated CO2 in the 
atmosphere while taking this sample.………..…………………………………………..…..56 
 
Figure A2. All pCO2 values calculated throughout experiments on both species. Calculations 
were performed in co2sys (Pierrot et al. 2006) from measured total alkalinity and dissolved 
inorganic carbon. Two-way ANOVA was run to determine significant differences (p<0.01) 
between treatments during both experiments………………………………………………57 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 x 
LIST OF TABLES 
 
Table 1. Number of larvae placed in each vial during respiration experiments…………......15 
 
Table 2. Mean measured and calculated carbonate chemistry parameters. Total alkalinity and 
dissolved inorganic carbon were determined from samples collected from the experimental 
conditions throughout the experiment. Additional parameters were calculated using co2sys 
software (Pierrot et al. 2006). Data are mean ± standard deviation. Differences between 
treatments across sample days were tested using two-way ANOVA. Results show significant 
pCO2 differences (p<0.001) between treatments during experiments for both species. See 
Appendix A, Figure A2 for complete pCO2 results throughout the entirety of each 
experiment……………………………………………………………………………………19 
 
Table 3. Nested ANOVA results for swimming performance metrics of y-displacement 
velocity and speed from C. gigas experiment. *Indicates significant p-values………..…….22 
 
Table 4. Nested ANOVA results for swimming performance metrics of y-displacement 
velocity and speed from O. lurida experiment. *Indicates significant p-values...….……….24 
 
Table 5. Nested ANOVA results for tortuosity data from C. gigas and O. lurida experiments. 
*Indicates significant p-values……………………………..……………………………...…27 
 
Table 6. One-way ANOVA results for center of larval mass (CLM) and proportion of non-
swimmers from C. gigas and O. lurida experiment. * Indicates significant p-values…..…..28 
 
Table 7. Mean larval lengths and weights for C. gigas and O. lurida individuals with one-
way ANOVA results. Data are means ± standard error. *Indicates significant differences as 
assessed by Fisher’s LSD post-hoc analyses…...………………………………....………....35 
 
Table 8. Calculated amount of energy allocated to swimming in all treatments for the C. 
gigas and O. lurida experiments……………………………………………………………..37 
 
Table A1. Total sample size of DIC and TA samples used to calculate pCO2 for “FSW” and 
“Larvae” from C. gigas and O. lurida experiments………………………………………….57 
 
Table A2. Correlation test results from Spearman and Pearson tests for morphological data 
from the C. gigas and O. lurida experiments. Length and width are consistently correlated 
throughout both experiments, whereas weight is not consistently correlated with length or 
width…………………………………………………………………………………………58 
 
Table A3. ANOVA test results for analysis of the angle between the velum protrusion and 
the vertical swimming direction. 24 O. lurida larvae were analyzed in each pCO2 treatment at 
two different ages. There was a significant difference between age, so an angle of 29.51° was 
used for day 5 larvae and a maximum angle of 28.89° was used for day 9 and 17 larvae. 30 
C. gigas larvae at two different ages showed no significant differences between ages, so a 
maximum angle of 32.15° was used for this species………………………………………..59 
	 xi 
Table B1. Number of settlers out of approximately 210 larvae counted one week after the 
final sampling day of the O. lurida experiment……………………………………………..60
INTRODUCTION 
 
The Salish Sea, a large estuarine complex in Washington State, experiences 
upwelling of old, deep waters from the North Pacific that are naturally high in CO2 and also 
receives high organic matter, nutrient, and pollutant fluxes from the highly urbanized 
surrounding land (Feely et al. 2010). These natural and anthropogenic inputs both lead to 
acidified conditions that are already observable in the Salish Sea. As atmospheric CO2 
increases, the waters are expected to become even more corrosive, increasing the potential 
vulnerability of marine calcifying organisms (Feeley et al. 2010). My research studied the 
effect of ocean acidification (OA) on two oyster species found in the Salish Sea: Crassostrea 
gigas and Ostrea lurida. In bivalves, the larval life stages are considered the most vulnerable 
to the effects of OA because the larvae biomineralize the aragonite mineral form of calcium 
carbonate, which is more soluble than the calcite form that the adults use (Doney et al. 2009, 
Ross et al. 2011). Additionally, larvae are less able to cope with the shift in acid-base balance 
that OA causes, which can result in metabolic depression and/or shifts in energy allocation 
(Beniash et al. 2010, Sokolova et al. 2012). Research on larval bivalves in the Salish Sea is 
particularly important since these waters have already experienced heightened environmental 
and anthropogenic stresses. 
Larval swimming is an important determinant of where the organisms are transported 
in the water column. Most marine invertebrate larvae are denser than water and can maintain 
swimming speeds only on the same order of magnitude as the speed of vertical currents. 
Larvae can alter swimming to regulate their vertical position in the water column, which in 
turn changes their location relative to horizontal currents and thus alters the direction, speed, 
and distance of larval dispersal. These changes can then affect the settlement success of 
	 2 
larvae because they may be less likely to find suitable settlement substrate and can ultimately 
affect the connectivity between populations. These potential influences make larval 
swimming an important component of modeling larval dispersal in the wild (North et al. 
2008, Metaxas & Saunders 2009). 
There are several mechanisms through which OA may affect larval swimming 
performance including changes to larval behavior, alterations in morphology, and shifting 
energetics demands. For example, larval swimming under an environmental stimulus is often 
altered through klinokinetic (turning frequency) adjustments (Sulkin 1984). The helical 
swimming motion of bivalve larvae provides a behavioral mechanism for larvae to change 
their turning rates and vertical displacement (Figure 1; Jonsson et al. 1991, Chan 2012). 
Thus, behavioral changes in helical geometries (width and pitch; Figure 1A) may allow 
larvae to selectively reduce horizontal or vertical movements and consequently regulate their 
depth in the water	column (Chan & Grünbaum 2010).  
 
 
Morphological changes may also alter swimming performance. Some larvae, such as bivalve 
or gastropod veligers and echinoderm plutei, have asymmetrical density distributions and 
follow buoyancy-gravity models due to higher density at the rear-half of their bodies 
Figure 1. Schematic of the larval 
swimming path and kinematics. (A) 
Diagram shows one full revolution 
of a larval helical path with width w 
and pitch p, which results in a net 
ascent velocity T. (B) Bivalve 
larvae as viewed from the anterior 
side. Shows that the shells (shaded) 
create a separation of the center of 
gravity (CG) and the center of 
buoyancy (CB) by the distance L 
(exaggerated) and results in a 
gravitational torque (Tgrav). 
Modified from Jonsson et al. 1991. 
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(Mogami et al. 2001). This results in a separation between the centers of gravity and 
buoyancy, which causes gravitational torque (Figure 1B) and the subsequent helical motion 
of larval swimming (Figure 1A). Gravitational torque allows larvae to maintain a stable 
orientation in relation to gravity and can be behaviorally adjusted to reorient larvae in 
response to their environment (Jonsson et al. 1991). Therefore, morphological changes that 
alter the relationship between the centers of gravity and buoyancy could lead to changes in 
swimming. Finally, larvae must balance the added energetic demands of OA stress with the 
energetic demands of normal functions, including swimming. For example, OA stress is 
likely to result in increased energy required for basal metabolic processes such as acid-base 
balance (Pörtner 2008, Sokolova et al. 2012) and for biomineralization since a lower 
aragonite saturation state makes building shells more difficult (Beniash et al. 2010). The 
energy shifted toward these processes has to be shifted away from other activities, such as 
swimming. 
Studies on phenotypically-plastic echinoderm larvae, which have aragonite skeletons 
suggest that they have the ability to adjust swimming performance, despite consistent OA-
induced morphological changes such as slower growth and abnormal development (Chan et 
al. 2011, Chan et al. 2015a). OA-induced morphological changes in sand dollar larvae may 
help prioritize swimming over activities such as feeding, which has negative implications for 
later life stages (Chan et al. 2011). Sea urchin larvae of different species and lineages show 
phenotypic plasticity that leads to morphological alterations that help the larvae maintain or 
even increase swimming speeds in lower pH conditions (Chan et al. 2015a, 2015b). A study 
on brittlestar larvae, however, showed that they consistently grew and swam more slowly in 
decreased pH conditions, which could be the result of less natural variability in the 
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environment of the species studied and consequently less morphological plasticity (Chan et 
al. 2015b). These studies suggest that echinoderm larvae have the ability to adjust swimming 
performance in the face of OA. Unlike echinoderm larvae, bivalve veligers are not 
phenotypically plastic and, thus, cannot coordinate morphological changes to maintain 
swimming. Instead, in bivalve veligers any effects of OA on their aragonite larval shell could 
directly affect swimming performance and behavior because direction, speed, and sinking 
velocity are all influenced by larval shell density. Previous studies have shown several 
negative effects of OA on morphology and development in bivalves including abnormal 
development, developmental delays, lower calcification rates, decreased and abnormal 
growth, and shell dissolution (Kurihara et al. 2007, Gazeau et al. 2010, Talmage & Gobler 
2010, Parker et al. 2010, Timmins-Schiffman et al. 2013, Hettinger et al. 2013a, reviewed in 
Kurihara et al. 2008, Byrne 2012). Smaller, less dense, and abnormally shaped larval shells 
could lead to unexpected and potentially maladaptive changes in gravitational torque (Figure 
1B) and consequent alterations in swimming performance and behavior.  
OA can alter energetic demand by various physiological pathways in larvae, 
including ones associated with biomineralization, skeletogenesis, basal metabolism, and 
respiration (Ross et al. 2011), and these demands may be prioritized over the energetic 
demands of other life functions (Sokolova 2012). Sea urchin larvae in acidified waters may 
maintain swimming performance by preferentially allocating energy to swimming in order to 
find food and escape predators, but may do so at the expense of growth and development 
(Chan 2012). In contrast, Dungeness crab larvae (Metacarcinus magister) increase turning 
rate under OA conditions, but maintain feeding rate and growth efficiency (Christmas 2013). 
In C. gigas larvae, respiration and feeding rates decreased with lower pH, but they were able 
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to compensate for reduced larval metabolic and filtration rates by increasing post-settlement 
growth rate as pediveligers (Ko et al.2013). Conversely, studies on O. lurida showed only 
small changes in larval growth when reared in elevated pCO2, with slower growth that 
persisted as juveniles regardless of post-settlement pCO2 conditions, suggesting high 
energetic demand for larvae reared under OA stress (Hettinger et al. 2012, Hettinger et al. 
2013b). These trade-offs associated with the energetic effects of OA can affect even closely 
related species differently (e.g. Miller et al. 2009). For example, as pCO2 increases, the 
energy required for calcification increases, so larvae may allocate more energy to 
calcification, potentially affecting growth in some species. However, growth may not be 
affected in all species if energy for maintaining calcification is shifted from a different 
activity, such as swimming. Thus, C. gigas and O. lurida may differ in growth responses as 
larvae based on how they allocate energy under OA stress.  
This is the fist study to consider the effects of OA on larval swimming in bivalves. 
The oysters C. gigas and O. lurida are both important species in Washington State. The 
Pacific oyster, C. gigas, is a non-native species that is very important in the aquaculture 
industry (Trimble et al. 2009). The native Olympia oyster (O. lurida) was once common 
throughout its range (Baker 1995). However, dramatic population declines occurred in the 
early 1900’s due to overharvesting and other anthropogenic stressors such as increased 
pollution and nutrient inputs. Today there is widespread interest in restoring self-sustaining 
populations of this species (Blake & Bradbury 2012). In a set of laboratory experiments, I 
tested the overarching hypothesis that exposure to OA will cause changes in larval swimming 
performance and the hypotheses that swimming performance changes can be attributed to 
variability in swimming behavior, morphology, and metabolic rate. 
	 6 
METHODS 
Study organisms 
 C. gigas and O. lurida are both alternating hermaphrodites. C. gigas broadcast spawn 
and have three free-swimming larval stages: D-hinge veliger, umbonate veliger, and 
pediveliger, with a total larval period between 10 and 30 days depending on water 
temperatures (Strathmann 1987). In contrast, O. lurida are maternally brooded for 
approximately 10 days before umbonate veligers are released. O. lurida begin to settle as 
pediveligers within 7-23 days following release, depending on water temperature and food 
type (Strathmann 1987). Following settlement O. lurida grow slowly and are vulnerable to 
heat, cold, and desiccation stress, whereas C. gigas grow faster, reach much larger sizes, and 
are less susceptible to environmental stressors (White 2009). 
 
Larval rearing 
 D-hinge C. gigas veligers from multiple maternal lineages were shipped overnight on 
ice from Whiskey Creek Hatchery in Netarts Bay, OR to Shannon Point Marine Center in 
Anacortes, WA. Larvae were prepared and shipped two days after hatchery spawning and 
were received the following day, September 30, 2014. Experiments were, therefore, started 
when larvae were three days post-fertilization, but had only been in ideal growth conditions 
for two days. O. lurida larvae from multiple maternal lineages were shipped overnight on ice 
from Taylor Shellfish Hatchery in Quilcene, WA. Larvae were prepared and shipped one day 
after maternal release and received on January 7, 2015. Experiments were started when 
larvae were two days old, but had only been in ideal growth conditions for about one day. 
Experiments were ended when the larvae were at or near the pediveliger stage, which is 
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characterized by the presence of a foot and an eyespot and occurs at around 250 µm shell 
length for C. gigas (Parker et al. 2010) and 300 µm shell length for O. lurida (Strathmann 
1987). 
Larval cultures at a concentration of 2 larvae/mL were gently bubbled through hollow 
glass rods to maintain three pCO2 treatments: 400 ppm (ambient), 800 ppm (present day 
conditions in some estuaries), and 1200 ppm (predicted for the year 2100). This predicted 
future value already occurs naturally in estuaries that experience large fluctuations in pCO2 
(Hettinger et al. 2012). Seawater was pre-equilibrated to the treatment pCO2 levels by 
bubbling 0.35-µm filtered seawater with airstones for 48 hours in large carboys in an 
incubator set at 14 °C during the first 5 days and at 23 °C for the remainder of the C. gigas 
experiment and 21 °C for the entire O. lurida experiment. Culture jars were held inside air-
tight Plexiglas boxes in a walk-in incubator supplied with atmospheric gas of equivalent 
treatment concentrations, which was slowly bubbled through hollow glass rods into the larval 
cultures. CO2 gas used for seawater pre-equilibration, bubbling, and atmospheric 
manipulations was made by stripping compressed ambient air of CO2 using scrubbers (Twin 
Towers Inc.). This CO2-free air was then mixed with pure CO2 regulated by mass flow 
controllers (Sierra International Inc.). During the C. gigas experiment CO2 scrubbers were 
unavailable so ambient air was not stripped of CO2 prior to equilibration during this 
experiment. Gas CO2 concentrations were measured throughout the experiment using a Li-
COR Li-820 CO2 sensor.  
The C. gigas experiment lasted 23 days in a walk-in set at 14 °C for the first 5 days, 
which resulted in low larval growth, and 22 °C for the remainder of the experiment. O. lurida 
were reared in a walk-in set at 20 °C for the entire experiment, lasting 16 days. C. gigas 
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larvae were maintained in three 3L culture jars for each pCO2 treatment and O. lurida were 
maintained in four 3L culture jars for each treatment. Culture water was changed every other 
day by filtering larvae out of old water and transferring them into clean pre-equilibrated 0.35-
µm filtered treatment seawater. Larvae were fed following every water change. C. gigas were 
fed Isochrysis galbana with food concentrations increasing as larvae grew: 50,000 cells/mL 
for the first 17 days of the experiment and 80,000 cells/mL for the final 5 days of the 
experiment (Strathmann 1987). O. lurida were fed 100,000 cells/mL of I. galbana throughout 
the experiment with the exception of day 4 when larvae were fed 50,000 cells/mL. Previous 
studies have shown that O. lurida larval shell growth, dry weight, and settlement are not 
significantly different at 50,000 cells/mL compared to 100,000 cells/mL (Hettinger et al. 
2013a); therefore, the decrease in food concentration on day 4 should not have affected the 
outcome of the O. lurida experiment.  
C. gigas larvae from each pCO2 treatment were pooled and a subset removed for 
swimming observations and morphology measurements on days 9 (D-hinge stage) and 23 of 
the experiment. On days 13 (still D-hinge stage) and 23, a subset of pooled larvae was 
removed for respiration measurements. O. lurida larvae from each pCO2 treatment were 
similarly pooled and subsets removed for swimming observations, morphology 
measurements, and respiration measurements on days 4, 8, and 17 of the experiment. For 
both C. gigas and O. lurida, the pooled larvae that were not used for swimming, morphology, 
or respiration measurements were randomly re-distributed into culture multiple jars with 
clean pre-equilibrated FSW and returned to their respective culture conditions. 
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Carbonate chemistry 
Carbonate chemistry of the culture water was assessed by measuring dissolved 
inorganic carbon (DIC) with an Apollo SciTech Model AS-C3. Certified reference material 
(CRM, Batch 138, Dickson, Scripps Institute of Oceanography) was used to generate a 
standard curve by calculating area based on multiple CRM volumes. Following methods 
outlined in the Guide to Best Practices in Ocean CO2 measurements (Dickson et al. 2010) 
total alkalinity (TA) was determined using an open cell potentiometric titration. Measured 
TA of CRM (Batch 138, Dickson, Scripps Institute of Oceanography) was used to correct 
sample TA values. During the first 11 days of the C. gigas experiment and for the entire O. 
lurida experiment, DIC and TA samples were collected prior to each water change every 
other day. For the final 12 days of the C. gigas experiment DIC and TA samples were 
collected every four days prior to water changes. DIC and TA samples were collected from 
each culture jar in each treatment. During each experiment, DIC and TA samples (3 for C. 
gigas and 2 for O. lurida) were also collected from the carboys containing pre-equilibrated 
filtered seawater (FSW) to assess initial carbonate chemistry prior to the addition of larvae. 
TA samples were preserved with 20 µL of mercuric chloride and analyzed within two months 
of collecting. DIC samples were filtered at 0.2 µm and stored at 2° C and run within 2 weeks 
of collection. pCO2, pH, and saturation states of calcite and aragonite (ΩCa and ΩAr) were 
calculated from measured DIC and TA values (Table 2) using co2sys (Pierrot et al. 2006).  
Prior to the O. lurida experiment, three DIC and TA samples were also collected from 
500 mL beakers containing 100,000 cells/mL of I. galbana only. These cultures were slowly 
bubbled in treatment boxes for 48 hours prior to sampling and provided measurements to 
calculate pCO2 values for algae without larvae present. Similarly, three DIC and TA samples 
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were collected from 500 mL beakers containing only pre-equilibrated treatment water that 
was bubbled in treatment boxes at each of the three-pCO2 levels for 48 hours to provide a 
measurement to calculate pCO2 of only treatment FSW. Two-way ANOVA tests (treatment x 
day) were run to confirm that treatments remained significantly different from one another 
throughout all days of the experiment. One-way ANOVA was run to determine if larvae 
and/or algae were significantly altering pCO2 levels in treatments compared to the pre-
equilibrated FSW prior to 48 hours of incubation (Appendix A, Figure A1). 
 
Larval swimming observations 
Larvae were placed in 30.5 x 3.8 x 3.8 cm transparent Plexiglas columns containing 
approximately 150 mL of the appropriate pre-equilibrated FSW. 300 larvae were added to 
three replicate columns for each treatment prior to video observations. On the first day of 
sampling C. gigas larvae, 150 mL of culture water (at 2 larvae/mL) was added directly to the 
columns and 100 additional larvae were subsequently added to increase larval concentration. 
These columns were placed in a 25.4 x 33 x 6.4 cm recirculating water bath at their culturing 
temperatures: 22 °C for C. gigas and 20 °C for O. lurida. Larvae were acclimated to the 
columns for at least 10 minutes, dark adapted for an additional 5-10 minutes, backlit with 
infrared LED, then video recorded with a high-resolution (1.4 Mpixel) near-IR-sensitive 
video camera (uEye 5240CP-NIR-GL) for 5-10 minutes. The camera was consistently 
positioned with the 7.5 cm mark in the middle of a 6 cm field of view during recording. 
Following this period, the entire column was video recorded by raising the camera from 
bottom to top, maintaining the 6 cm field of view, in less than one minute for analysis of 
vertical position in the water column. Larvae were discarded after observations. 
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Videos were processed using an 
image processing and filtering program 
(LabView 2014, National Instruments) and 
larval tracking and analysis routines 
(MatLab 2014a, Mathworks) described in 
Wheeler et al. (2013) (Figure 2). 
Swimming performance metrics and 
tortuosity (a behavioral metric) were 
calculated for 10 up-swimming and 10 
down-swimming larval tracks that covered 
a considerable distance of the frame using in-house routines developed for MatLab 2014a. 
Larval swimming performance metrics used in this study were up and down y-displacement 
velocity and swimming speed. Y-displacement velocity considered the total vertical 
displacement from the beginning to the end of a larval track, whereas speed was the average 
frame-to-frame speed over a larval track. Up and down larval tracks were separated because 
larvae travelling upward are actively swimming, whereas down-travelling larvae are, usually, 
passively sinking. Tortuosity was defined as the total xy displacement distance (straight line 
distance from the starting point to the ending point) divided by the total distance traveled 
(‘main path’ in Figure 3); thus, a smaller tortuosity value indicates a swimming path with 
tighter helices, and a tortuosity value of 1 indicates a straight swimming path. Up- and down-
swimming velocity, speed, and tortuosity were compared between pCO2 treatments using 
separate nested ANOVAs with swim column nested in treatment for each sampling day.  
Figure 2. Representative larval swimming 
tracks under ambient pCO2 treatments from 
a 5- minute video clip of day 25 down-
swimming C. gigas larvae. 	
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If tortuosity varied significantly between pCO2 
treatments, helical pitch and width (swimming behavior 
metrics) were calculated for 10 helical tracks extending 
most of the field of view from each treatment from that 
day. Based on Chan & Grünbaum (2010), axis of travel 
was determined by calculating the difference between x-
values when larvae changed direction. Half of this 
distance represented helical width, which was 
subtracted from the main path to determine the axis of 
travel. Helical pitch was the distance between two y-
values at the intersection of the main path and the axis 
of travel (Figure 3). Between 2 and 41 values for helical width and pitch were collected over 
one complete larval track and averaged to get a single mean helical width and pitch value for 
each track. One-way ANOVA was used to analyze helical pitch and width between 
treatments, followed by post-hoc analysis using Fisher’s Least Standard Difference (LSD). 
Levene’s test was used to test for homogeneity of variance prior to running all ANOVA tests. 
When necessary, the data were log or inverse transformed to achieve variance homogeneity. 
One high-pCO2 column in the C. gigas experiment was removed from velocity, speed, and 
tortuosity analyses due to poor video quality. 
Vertical position in the water column was another metric of swimming behavior that 
was calculated and compared between pCO2 treatments using a one-way ANOVA for each 
sampling day. Vertical position was measured as the center of larval mass (CLM) using the 
equation CLM = ∑ pizi, where pi is the proportion of the total number larvae in the ith layer 
Figure 3. Three-dimensional 
helix depicting components of 
larval path and helical pitch and 
width. Modified from Figure 2 
in Chan & Grünbaum 2010. 
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and zi is the mid-depth of the ith layer. The proportion of non-swimmers was also calculated 
for each column by dividing the number of larvae primarily motionless at the bottom of the 
column by the total number of larvae in the column. Proportion of non-swimmers data were 
verified for the assumption of normality using a Shapiro-Wilk test because proportion data 
often violate this assumption. CLM and proportion of non-swimmers were verified for the 
assumption of homogeneity of variance and a one-way ANOVA was run to determine 
difference between treatments, followed by a post-hoc Fisher’s LSD for significant ANOVA 
results. 
 
Larval shell morphology 
Larvae were sampled from each pCO2 treatment to assess changes in shell length, 
width, and weight. On the day of sampling, 900-1100 larvae were removed from the pooled 
culture for each pCO2 treatment and preserved in 95% ethanol. Prior to morphological 
measurements the larvae were removed from the ethanol and stored in 5.25% sodium 
hypochlorite solution for 20 minutes to remove soft tissue (Fuller et al. 1989). Shells were 
then rinsed well in deionized water and in 70% ethanol. Length and width measurements 
were taken for 20 shells from each treatment on each sampling day using Leica Application 
Suite X software. The remaining shells were used to measure shell weight, which was 
measured using an AT21 Comparator microbalance. First, 120-180 larval shells (number 
depending on species and size) were added to 3-9 pre-weighed aluminum vessels for each 
pCO2 treatment. Following methods outlined in Beniash et al. (2010) and Hettinger et al. 
(2013a), weigh vessels containing shells were dried in a 60 °C oven and weighed every 24 
hours until weights remained constant (3-6 days). Weight per larva was calculated by 
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dividing total weight by the total number of larvae (2 valves) in each weigh vessel. All pCO2 
treatments from each sampling day were weighed at the same time. 
Length, width, and weight were tested to determine if they were correlated. Normality 
was tested with a Shapiro-Wilk test. If the data were not normal, Spearman’s rank tests were 
used; otherwise, Pearson’s correlations were used. Length and weight data were further 
analyzed using a one-way ANOVA for each sampling day to determine differences with 
pCO2 treatment. Fisher’s LSD was run post-hoc on data that were found to be significantly 
affected by treatment based on the ANOVA analysis. Levene’s test for homogeneity of 
variance was performed prior to running all ANOVA tests. If necessary, the data were log or 
inverse transformed to achieve variance homogeneity. 
 
Larval energetics 
Measurements of metabolic demand were carried out for each pooled pCO2 treatment 
culture on each sampling day for both C. gigas and O. lurida. Approximately 90 larvae 
(number based on preliminary studies) were counted into four replicate respiration vials with 
pre-equilibrated treatment water. On the first day of C. gigas, sampling, however, 
approximately 180 larvae per vial were used to achieve measurable respiration. Three 
replicate vials of equilibrated treatment water without larvae were also prepared for each 
treatment to provide a “blank” to account for background oxygen consumption. Decrease in 
O2 consumption rate in the blanks ranged from 1-10% throughout the experiments and the 
average blank O2 consumption rate from each treatment on each sampling day was subtracted 
from experimental rates prior to data analysis. Respiration vials were 90 mL glass dram vials 
with PreSens oxygen sensitive micro-optode spots on the bottom. Oxygen measurements (as 
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in percent air saturation) were made using a calibrated PreSens Fibox 4 oxygen meter 
system. Vials were stored in the walk-in incubator set at experimental temperatures, and 
temperature inside the vials were measured using the PreSens spots and ranged from 20-21 
°C for C. gigas and 18-19 °C for O. lurida. Vials were mounted on a rotating plankton wheel 
to keep larvae suspended and reduce the possibility of localized oxygen depletion. 
Measurements were taken following 20 minutes of equilibration and every 2 hours until the 
end of the respiration experiment. Previous studies showed that, provided the oxygen levels 
do not drop by more than 25% of air saturation, differences in oxygen consumption between 
treatments can be attributed to the effect of elevated pCO2 on energy expenditure (Beniash et 
al. 2010). In my study, experiments did not exceed 48 hours and were concluded when 
oxygen saturation in each vial had dropped by 11-20%. Since oxygen saturation did not drop 
at the same rate in all treatments, the analysis for each experiment was set to the narrowest 
range of decrease based on the pCO2 that experienced the smallest drop in oxygen saturation. 
At the end of each experiment, the numbers of larvae were accurately counted (Table 1). 
Larvae were discarded following respiration experiments. 
 
 
  Number of Larvae 
C. gigas Day 14 153-188 
C. gigas Day 25 53-89 
O. lurida Day 5 78-89 
O. lurida Day 9 78-99 
O. lurida Day 17 82-111 
 
Oxygen consumption per larva per hour was calculated then converted to energy 
consumed (kJ) using the oxyenthalpic equivalent conversion (484 kJ/mol O2, from Gnaiger 
Table 1. Number of larvae placed in each 
vial during respiration experiments. 
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1983). The energetic cost of swimming (QS) was calculated as F x U, where F is the 
maximum force of velum propulsion and U is swimming velocity (Wang & Xu 1997). F is 
equal to Fv (vertical component of the velar propulsive force) divided by the cosine of the 
largest angle between the velum protrusion and the vertical swimming direction. Fv is 
calculated as the sum of the forces of drag and gravity minus buoyancy. Since the Reynold’s 
number was < 0.05, drag was calculated by Stoke’s law, which requires speed, radius, and 
viscosity of seawater (0.00103 kg*m-1*s-1 at 22 °C and 0.00108 kg*m-1*s -1 at 20 °C). Shell 
radius and speed data were averaged for each pCO2 treatment from the morphological and 
swimming data from the present experiments. The calculation of gravitational force minus 
buoyancy required radius, larval density and gravitational acceleration (9.8 m*s2). 
Calculation of larval density required speed, viscosity, gravitational acceleration, and radius.  
I was unable to calculate velar angle from my videos, so velar angle was determined 
using ImageJ software and video data collected during similar experiments. Data for O. 
lurida was collected from unpublished OA experiments conducted at the Shannon Point 
Marine Center at similar pCO2 levels and at similar larval sizes (Peart 2013, unpublished 
data). These data showed no difference in swimming angle between pCO2 treatments in 15 
°C water, and only slight differences in angle as larvae increased in age (Appendix A, Table 
A3). Thus, a maximum angle of 29.51° was used for day 5 O. lurida larvae and a maximum 
angle of 28.89° was used for day 9 and 17 larvae. I was unable to calculate the angle from 
videos of C. gigas taken during an OA experiment, so larvae of comparable sizes to those 
used in the present OA experiment were filmed in ambient seawater at room temperature 
(approximately 21-22 °C) to determine the maximum angle of velum protrusion for this 
species. There was no significant difference between ages (Appendix A, Table A3), so a 
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maximum angle of 32.15° was used for both age groups. Instantaneous speed was averaged 
for each pCO2 treatment from the current experiment and used for U.    
The proportion of total energy expenditure (Q) accounted for by the energetic cost of 
swimming was calculated by dividing QS/Q. Shapiro-Wilk was used to test for the 
assumption of normality; inverse transform was used on both days of C. gigas data to satisfy 
the normality assumption. Levene’s test was used to test for homogeneity of variance on all 
data prior to running ANOVA. For the day 17 O. lurida larvae, the data was square root 
transformed to achieve homogeneity. On the second day of the O. lurida experiment, 
transforming did not achieve homogeneity, so an α=0.025 was adopted for this analysis 
(Gamst et al. 2008). One-way ANOVA followed by a Fisher’s LSD post-hoc test was used to 
determine significance between energetic demand and pCO2 treatment.
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RESULTS 
Carbonate chemistry analysis 
 Measured and calculated carbonate chemistry parameters for all treatments and 
species are reported in Table 2. For both species there was a significant difference in the 
average calculated pCO2 from the entire experiment (ANOVA, P<0.001). There was no 
significant interaction between treatments and sampling day indicating that pCO2 levels did 
not vary within treatment over time (Appendix A, Figure A2). Calculated pCO2 values were 
much higher than the pre-equilibrated air that was bubbled in and showed considerable 
variability. This is possibly because when using the combination of TA and DIC the 
calculation for pCO2 is very sensitive to slight changes in TA. C. gigas, O. lurida, and I. 
galbana (algae) did not significantly alter the pCO2 levels in the experiments (Appendix A, 
Figure A1). There was a significant difference between the pre-equilibrated FSW and the 
FSW incubated for 48 hours in the high treatment (Tukey’s, P<0.001), which could be 
because these samples were the last taken after working and consequently increasing the CO2 
due to human respiration in the walk-in after about an hour. For both bivalve species, 
aragonite saturation was on average <1 in the high pCO2 treatments, which is considered the 
point at which seawater becomes corrosive to calcium carbonate shells and skeletons (Feely 
et al. 2010), however, larvae may begin to have difficulty developing shells at a higher 
aragonite saturation state. For example, C. gigas numbers at Whiskey Creek hatchery 
decreased when the aragonite saturation state was <2 (Barton et al. 2012). All treatments had 
an aragonite saturation state on average <2 in the current study (Table 2).
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Table 2. Mean measured and calculated carbonate chemistry parameters. Total alkalinity and dissolved inorganic carbon were 
determined from samples collected from the experimental conditions throughout the experiment. Additional parameters were 
calculated using co2sys software (Pierrot et al. 2006). Data are mean ± standard deviation. Differences between treatments across 
sample days were tested using two-way ANOVA. Results show significant pCO2 differences (p<0.001) between treatments during 
experiments for both species. See Appendix A, Figure A2 for complete pCO2 results throughout the entirety of each experiment. 
 
    C. gigas     O. lurida   
  Low Moderate High Low Moderate High 
Measured Values       
       TA (µmol*kgSW-1) 2098.2 ± 23.1 2123.8 ± 18.5 2120.0 ± 21.2 2051.4 ± 25.1 2055.5 ± 20.0 2057.6 ± 19.9 
    DIC (µmol*kgSW-1) 1957.5 ± 19.3 2036.4 ± 20.0 2074.0 ± 16.7 1901.5 ± 11.4 1967.1 ± 16.0 2014.9 ± 14.8 
              
Calculated Values             
    pCO2 (µatm) 654.2 ± 123.7 987.6 ± 154.6 1360.90 ± 229.7 577.9 ± 76.8 908.7 ± 95.5 1335.6 ± 227.9 
    pH 7.84 ± 0.07 7.68 ± 0.07 7.55 ± 0.07 7.88 ± 0.06 7.70 ± 0.04 7.55 ± 0.07 
    Ω Calcite 2.64 ± 0.45 1.95 ± 0.38 1.46 ± 0.32 2.74 ± 0.36 1.91 ± 0.19 1.40 ± 0.21 
    Ω Aragonite 1.71 ± 0.30 1.27 ± 0.25 0.95 ± 0.21 1.77 ± 0.24 1.23 ± 0.12 0.90 ± 0.14 
 
	 20 
Larval swimming performance  
For C. gigas larvae, down-swimming velocity on day 11 was significantly different 
between all pCO2 treatments (Table 3). C. gigas larvae reared in the high pCO2 treatment 
swam downward at a significantly lower y-displacement velocity than in the ambient and 
moderate pCO2 treatments, and larvae reared in the moderate pCO2 treatment swam 
downward at a significantly lower y-displacement velocity than in the ambient pCO2 
treatment (Figure 4G). Down-swimming speeds varied significantly between pCO2 
treatments for day 25 C. gigas larvae (Table 4). Larvae reared in the ambient pCO2 treatment 
had significantly faster down-swimming speeds than larvae reared in the moderate and high 
pCO2 treatments (Figure 4D). For C. gigas larvae, there was significant column-to-column 
variability for up and down speed on day 11 and 25 and for up velocity on day 11 (Table 3). 
Due to this variability, column was kept as a nested factor in all analyses of treatment 
differences.  
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Figure 4. Effects of ocean acidification on the swimming performance of day 11 and 25 C. 
gigas larvae. Data are (A-B) average up swimming speed (C-D) average down swimming 
speed, (E-F) up y-displacement velocity, and (G-H) down y-displacement velocity. Values 
are means ± standard error. Different letters indicate treatments that were significantly 
different based on Fisher’s LSD post-hoc analysis (α=0.05). ANOVA results are shown in 
Table 3.
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Table 3. Nested ANOVA results for swimming performance metrics of y-displacement 
velocity and speed from C. gigas experiment. *Indicates significant p-values. 
 
C. gigas               
 Up Swimmers   Velocity 
  
Speed 
 
  
   Day 11 df F-value p-value η2 F-value p-value η2 
     Treatment 2 1.81 0.256 0.267 0.36 0.716 0.134 
     Treatment:Column 5 6.72 <0.001* 0.334 14.49 <0.001* 0.520 
     Error 67 
         Day 25 
            Treatment 2 0.79 0.497 0.025 2.37 0.175 0.161 
     Treatment:Column 6 1.31 0.263 0.088 3.28 0.006* 0.195 
     Error 81 
        
        Down Swimmers 
          Day 11 
            Treatment 2 7.72 0.030* 0.219 2.25 0.201 0.282 
     Treatment:Column 5 1.16 0.339 0.083 5.58 <0.001* 0.304 
     Error 64 
         Day 25 
             Treatment 2 4.54 0.063 0.134 8.55 0.018* 0.432 
      Treatment:Column 6 1.39 0.230 0.093 3.61 0.003* 0.211 
      Error 81 
       
For O. lurida larvae, average down-swimming speed varied significantly between 
pCO2 treatments on day 5 (Table 4). Down-swimming larvae in the moderate pCO2 treatment 
swam significantly slower compared to ambient and high pCO2 treatments (Figure 5D). Up-
swimming speed also varied significantly between pCO2 treatments in day 17 O. lurida 
larvae (Table 4). Larvae in the high pCO2 treatment swam significantly faster upwards than 
in the ambient and moderate pCO2 treatments (Figure 5C). There were significant differences 
in column-to-column variability for day 5 and 9 up speed, day 9 and 17 down velocity, up 
speed for day 9, and down speed for day 17 O. lurida larvae. Due to this variability, column 
was kept as a nested factor in all analyses of treatment differences. There were no other 
significant effects for swimming performance metrics. 
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Figure 5. Effects of ocean acidification on the swimming performance of day 5, 9, and 17 O. 
lurida larvae. Data are (A-C) average up-swimming speed, (D-F) average down-swimming 
speed, (G-I) up y-displacement velocity, and (J-L) down y-displacement velocity. Values are 
means ± standard error. Different letters indicate treatments that were significantly different 
based on Fisher’s LSD post-hoc analysis (α=0.05). ANOVA results are shown in Table 4. 	
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Table 4. Nested ANOVA results for swimming performance metrics of y-displacement 
velocity and speed from O. lurida experiment. *Indicates significant p-values. 	
O. lurida               
 Up Swimmers   Velocity 
  
Speed 
 
  
   Day 5 df F-value p-value η2 F-value p-value η2 
     Treatment 2 0.14 0.870 0.005 3.07 0.121 0.167 
     Treatment:Column 6 1.39 0.228 0.093 2.65 0.022* 0.164 
     Error 81 
         Day 9 
            Treatment 2 0.70 0.534 0.051 0.95 0.437 0.068 
     Treatment:Column 6 3.13 0.008* 0.188 3.11 0.008* 0.187 
     Error 81 
         Day 17 
            Treatment 2 4.65 0.060 0.156 8.52 0.018* 0.206 
     Treatment:Column 6 1.61 0.156 0.106 1.25 0.290 0.085 
     Error 81 
        
        Down Swimmers 
          Day 5 
            Treatment 2 0.46 0.651 0.016 7.62 0.023* 0.172 
     Treatment:Column 6 1.44 0.210 0.096 1.11 0.366 0.076 
     Error 81 
         Day 9 
            Treatment 2 0.59 0.586 0.020 0.22 0.812 0.023 
     Treatment:Column 6 1.42 0.218 0.095 4.43 <0.001* 0.247 
     Error 81 
         Day 17 
            Treatment 2 0.36 0.710 0.043 1.07 0.401 0.062 
     Treatment:Column 6 4.98 <0.001* 0.269 2.53 0.027* 0.158 
     Error 81 
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Larval swimming behavior 
 
OA treatments did not significantly affect any swimming behavior metrics analyzed 
for C. gigas at any age (Figures 6, 7, Tables 5, 6).  
	
Figure 6. Effects of ocean acidification on the swimming behaviors of day 11 and 25 C. gigas 
larvae. Data are (A-B) tortuosity of up swimming larvae (ANOVA results in Table 5), (C-D) 
tortuosity of down swimming larvae (ANOVA results in Table 5), and (E-F) proportion of 
non-swimming larvae (ANOVA results in Table 6). Lower tortuosity values indicate a more 
tortuous path and a tortuosity value of 1 indicates a straight path. Values are means ± 
standard error. Different letters indicate treatments that were significantly different based on 
Fisher’s LSD post-hoc analysis (α=0.05). 
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Figure 7. Percent abundance throughout the water column of day 11 and 25 C. gigas larvae in 
each pCO2 treatment. Average center of larval mass (CLM) values are reported for each 
treatment on each day. CLM results were analyzed for differences between treatments (Table 
6). ND indicates the water level did not reach that location in the water column for a given 
day and treatment. 
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Table 5. Nested ANOVA results for tortuosity data from C. gigas and O. lurida experiments. 
*Indicates significant p-values. 
 
C. gigas 
	
Up-Swimmers 
 	
Down-Swimmers 
	  Day 11 df F-value p-value η2 df F-value p-value η2 
     Treatment 2 1.09 0.405 0.131 2 2.25 0.201 0.222 
     Treatment:Column 5 4.62 0.001* 0.256 5 4.06 0.003* 0.241 
     Error 67 
   
64 
      Day 25 
             Treatment 2 0.16 0.852 0.013 2 1.58 0.282 0.094 
     Treatment:Column 6 3.34 0.005* 0.198 6 2.67 0.021* 0.165 
     Error 81 
   
81 
   O. lurida 
          Day 5 
             Treatment 2 0.63 0.564 0.050 2 0.75 0.552 0.015 
     Treatment:Column 6 3.40 0.005* 0.201 6 0.80 0.574 0.056 
     Error 81 
   
81 
      Day 9 
             Treatment 2 0.42 0.677 0.024 2 1.13 0.383 0.045 
     Treatment:Column 6 2.44 0.032* 0.153 6 1.69 0.135 0.111 
     Error 81 
   
81 
      Day 17 
             Treatment 2 9.86 0.013* 0.214 2 1.61 0.275 0.138 
     Treatment:Column 6 1.12 0.359 0.077 6 4.02 0.001* 0.229 
     Error 81 
   
81 
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Table 6. One-way ANOVA results for center of larval mass (CLM) and proportion of non-
swimmers from C. gigas and O. lurida experiment. *Indicates significant p-values. 	
C. gigas 
 
CLM 
  
Proportion of Non-swimmers 
  Day 11 df F-value p-value η2 F-value p-value η2 
     Treatment 2 4.44 0.078 0.640 1.64 0.283 0.400 
     Error 5 
        Day 25 
            Treatment 2 1.39 0.32 0.316 0.23 0.803 0.070 
     Error 6 
      O. lurida 
         Day 5 
            Treatment 2 5.61 0.042* 0.652 1.37 0.325 0.313 
     Error 6 
        Day 9 
            Treatment 2 4.37 0.068 0.593 1.31 0.338 0.304 
     Error 6 
        Day 17 
            Treatment 2 30.58 <0.001* 0.911 24.01 0.001* 0.889 
     Error 6 
      																	
 
 
	 29 
For O. lurida larvae, center of larval mass (CLM) varied significantly between pCO2 
treatments on day 5 and 17 (Table 6). Day 5 larvae in the high pCO2 treatment had a 
significantly higher CLM than in the ambient pCO2 treatment (Figure 8G, Figure 10). Day 17 
larvae reared in the moderate pCO2 treatment had a higher CLM than the ambient and high 
pCO2 treatments (Figure 8I, Figure 10). Up-swimming tortuosity and proportion of non-
swimmers were also significantly different between pCO2 treatments for day 17 O. lurida 
larvae (Tables 5, 6). Larvae in the high pCO2 treatment had significantly higher upward 
tortuosity than the ambient and moderate pCO2 treatments (Figure 9C). Since up-swimming 
tortuosity was significant, helical pitch and width were also analyzed for 10 up-swimming 
tracks from each pCO2 treatment. Helical pitch was significantly different between pCO2 
treatments (Figure 9A). Larvae reared in the high pCO2 treatment swam with significantly 
higher helical pitch than the ambient and moderate pCO2 treatments (Figure 9A). The high 
pCO2 treatment also had a significantly higher proportion of non-swimming larvae than the 
ambient and moderate pCO2 treatments (Figure 8L). 
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Figure 8. Effects of ocean acidification on the swimming behaviors of day 5, 9, and 17 O. 
lurida larvae. Data are (A-C) tortuosity of up swimming larvae (ANOVA results in Table 5), 
(D-F) tortuosity of down swimming larvae (ANOVA results in Table 5), and (G-I) proportion 
of non-swimming larvae (ANOVA results in Table 6). Lower tortuosity values indicate a 
more tortuous path and a tortuosity value of 1 indicates a straight path. Values are means ± 
standard error. Different letters indicate treatments that were significantly different based on 
Fisher’s LSD post-hoc analysis (α=0.05).			
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Figure 9. Effects of ocean acidification on helical pitch and width of age 17 O. lurida up 
swimmers. Data are (A) average helical pitch for 10 O. lurida larvae from each treatment 
(ANOVA, F=7.08, P=0.003) and (B) average helical width for 10 O. lurida larvae from each 
treatment (ANOVA, F=2.78, P=0.08). Values are means ± standard error. Different letters 
indicate treatments that were significantly different based on Fisher’s LSD post-hoc analysis 
(α=0.05). 
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Figure 10. Percent abundance throughout the water column of day 5, 9, and 17 O. lurida 
larvae in each pCO2 treatment. Average center of larval mass (CLM) values are reported for 
each treatment on each day. CLM results were analyzed for differences between treatments 
(Table 6). Different letters indicate treatments that were significantly different based on 
Fisher’s LSD post-hoc analysis (α=0.05). ND indicates the water level did not reach that 
location in the water column for a given day and treatment.
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Larval shell growth 
 Correlation tests found that length and width were consistently correlated across all 
sampling days, but weight was not consistently correlated (Appendix A, Table A2). For this 
reason length and weight were the only two morphology parameters analyzed. OA treatments 
did not significantly affect length, weight, or growth rates (Table 7; Figure 11B,D) of O. 
lurida larval shells throughout the experiment, nor did the treatments affect the length of C. 
gigas larval shells throughout the experiment (Table 7). Shell weight was significantly 
different between pCO2 treatments for day 11 and 25 C. gigas larvae (Table 7). Larvae raised 
in ambient pCO2 treatments had significantly heavier shells than in moderate and high pCO2 
treatments and larvae raised in the moderate pCO2 treatment had significantly lighter shells 
than in the high pCO2 treatment on day 11 (Table 7). Larvae raised in the high pCO2 
treatment had significantly lighter shells than in ambient and moderate pCO2 treatments on 
day 25 (Table 7). Growth rate based on shell weight was also significantly different between 
all pCO2 treatments for C. gigas larvae (Figure 11C). Larvae reared in the ambient pCO2 
treatment grew significantly slower than those reared in the moderate and high pCO2 
treatments and larvae reared in the high pCO2 treatment grew significantly slower than those 
reared in the moderate pCO2 treatment (Figure 11C). 
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Figure 11. Effect of ocean acidification on the growth rate of C. gigas day 11 and 25 larvae 
and O. lurida day 5, 9, and 17 larvae. Data are (A) shell growth rate for C. gigas based on 
shell length calculations from days 11 and 25, (B) shell growth rate for O. lurida shell growth 
rate based on length calculations from days 5 and 17, (C) shell growth rate for C. gigas based 
on shell weight calculations from days 11 and 25 (ANOVA, F=532.22, P<0.001), and (D) 
shell growth rate for O. lurida shell growth rate based on weight calculations from days 5 
and 17. Values are means ± standard error. Different letters indicate treatments that were 
significantly different based on Fisher’s LSD post-hoc analysis (α=0.05).
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Table 7. Mean larval lengths and weights for C. gigas and O. lurida individuals with one-way ANOVA results. Data are means ± 
standard error. *Indicates significant differences as assessed by Fisher’s LSD post-hoc analyses.
C. gigas                     
   Day 11 Length (µm) n F-value p-value η2  Weight (µg) n F-value p-value η2  
     Ambient 113.13 ± 5.11 20 0.89 0.415 0.020 5.50 ± 0.74* 5 83.11 <0.001* 0.902 
     Mod 115.57 ± 6.99 20       0.99 ± 0.05* 7       
     High 106.34 ± 1.40 20       1.75 ± 0.09* 9       
   Day 25                     
     Ambient 211.00 ± 7.77 20 2.60 0.083 0.081 2.69 ± 0.09 7 21.91 <0.001* 0.785 
     Mod 203.40 ± 8.70 20       2.60 ± 0.08 4       
     High 186.5 ± 7.19 22       1.79 ± 0.09* 4       
O. lurida                     
   Day 5                     
     Ambient 200.10 ± 2.98 20 1.72 0.188 0.057 3.85 ± 0.20 7 0.03 0.966 0.005 
     Mod 193.65 ± 2.19 20       3.48 ± 0.19 7       
     High 192.95 ± 3.42 20       3.60 ± 0.36 3       
   Day 9                     
     Ambient 221.90 ± 4.10 20 1.72 0.188 0.057 2.46 ± 0.17 7 0.19 0.830 0.019 
     Mod 211.00 ± 4.55 20       2.59 ± 0.15 7       
     High 213.35 ± 4.46 20       2.65 ± 0.14 8       
   Day 17                     
     Ambient 261.75 ± 5.44 20 1.55 0.220 0.052 2.73 ± 0.29 7 0.26 0.774 0.034 
     Mod 249.65 ± 4.35 20       2.98 ± 0.37 5       
     High 251.30 ± 5.88 20       2.68 ± 0.11 6       
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Larval energetics 
 
Rate of total energy consumption varied significantly between pCO2 treatments for 
day 11 and 25 C. gigas larvae  (Figure 13). Day 11 larvae reared in the high pCO2 treatment 
consumed significantly less energy per hour than larvae reared in the ambient and moderate 
pCO2 treatments (Figure 13A). Day 25 larvae reared in the ambient pCO2 treatment 
expended significantly more energy per hour than in the moderate and high pCO2 treatments. 
Larvae reared in the high pCO2 treatment expended significantly less energy per hour than 
larvae reared in the moderate pCO2 treatment (Figure 13B).  
 Larvae also allocated a significantly different proportion of energy to swimming 
(Figure 12) based on calculations of rate of swimming energy consumed (Table 8) in each 
pCO2 treatment. Day 11 larvae reared in the high pCO2 treatment allocated significantly 
more energy per hour to swimming than in the moderate and ambient pCO2 treatments 
(Figure 12C) and larvae reared in the ambient treatment allocated more energy per hour to 
swimming than in the moderate. However, day 25 larvae reared in the moderate pCO2 
treatment allocated significantly more energy per hour to swimming in the ambient than in 
the moderate and high pCO2 treatments (Figure 12D). 
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Figure 12. Effect of ocean acidification on the energetic consumption of C. gigas day 11 and 
25 larvae. Data are (A) rate of total energy consumption in day 11 larvae (ANOVA, F=7.70, 
P=0.014), (B) rate of total energy consumption in day 25 larvae (ANOVA, F=13.57, 
P=0.004), (C) proportion of energy consumption allocated to swimming in day 11 larvae 
(ANOVA, F=39.13, P<0.001), and (D) proportion of energy consumption allocated to 
swimming in day 25 larvae (ANOVA, F=30.89, P<0.001). Values are means ± standard 
error. Different letters indicate treatments that were significantly different based on Fisher’s 
LSD post-hoc analysis (α=0.05). 
 
Table 8. Calculated energy consumption due to mean swimming in all  
treatments for the C. gigas and O. lurida experiments. 
 
  Calculated Energy to Swimming (kJ/hr/ind.) 
C. gigas   Ambient Moderate High 
  Day 11 8.82 E-08 6.29 E-08 8.73 E-07 
  Day 25 9.45 E-07 2.76 E-07 1.86 E-07 
O. lurida         
  Day 5 8.69 E-07 5.69 E-07 5.68 E-07 
  Day 9 1.13 E-06 7.73 E-07 1.24 E-06 
  Day 17 7.05 E-07 5.71 E-07 1.11 E-06 
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For O. lurida larvae, rate of total energy consumption was significantly affected by 
pCO2 treatments for day 5, but not for day 9 or 17 (Figure 13B, C). Larvae reared in the 
ambient pCO2 treatment consumed significantly more energy per hour than larvae reared in 
the moderate and high treatments on day 5 (Figure 13A). The proportion of energy devoted 
to swimming by O. lurida larvae varied significantly between pCO2 treatments (Figure 13) 
based on calculations of rate of total energy to swimming (Table 8). Larvae reared in the 
moderate pCO2 treatment allocated significantly less energy to swimming per hour than 
larvae reared in the ambient and high pCO2 treatments on day 9 (Figure 13E). On day 17, 
larvae reared in the high treatment allocated significantly more energy to swimming per hour 
than in the ambient and moderate pCO2 treatments, and larvae reared in the ambient 
treatment allocated significantly more energy to swimming per hour than in the moderate 
pCO2 treatment (Figure 13F). 
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Figure 13. Effect of ocean acidification on the energetics of O. lurida day 5, 9, and 17 larvae. 
Data are (A-C) total energy consumption (Day 5 ANOVA, F=15.27, P=0.002) and (D-F) 
proportion of energy allocated to swimming (Day 9 ANOVA, F=13.92, P=0.002, Day 17 
ANOVA, F=57.34, P<0.001). Values are means ± standard error. Different letters indicate 
treatments that were significantly different based on Fisher’s LSD post-hoc analysis 
(α=0.05). 					
 
 
	 40 
DISCUSSION 
This study suggests that changes in the larval shell do not explain swimming 
alterations in either C. gigas or O. lurida. Under high pCO2 conditions C. gigas maintained 
swimming performance and behavior at the expense of growth. O. lurida, on the other hand, 
adjusted swimming performance and behavior but maintained shell growth under high pCO2 
conditions. Similar to other studies, the unique responses of C. gigas and O. lurida in this 
study show that the effects of OA are species-specific. 
 
Effects of ocean acidification on C. gigas 
C. gigas larvae showed few swimming performance changes in response to OA and 
made no behavioral modifications. However, larvae were affected morphologically and 
energetically by increasing pCO2, which suggests that maintaining swimming had negative 
effects on larval growth in this species. Previous studies on C. gigas larvae have shown 
decreased shell growth with increasing pCO2 conditions during multiple larval stages (e.g. 
Parker et al. 2010). In the current study, C. gigas larvae were significantly lighter in the high 
pCO2 treatment on both days of data collection, but shell length did not change between 
treatments (Table 7), which suggests that larval shells were getting thinner in the high pCO2 
treatment. Similarly, Beniash et al. (2010) found that shell mass of juvenile Crassostrea 
virginica decreased with increasing pCO2 but shell area did not differ with pCO2 exposure, 
which suggests that the oysters were depositing thinner shells in response to increased pCO2. 
In this experiment, shell weight growth rate was negative for the ambient pCO2 treatment, 
which is likely an artifact of incomplete dissolution of soft tissues on the first day weighing; 
indeed the weights I measured of day 11 larvae under ambient conditions in this study were 
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more than 5 times those of similar aged C. gigas larvae measured in another study at 
approximately 400 ppm (Figure 2b; Waldbusser et al. 2013). Shell weights in the other 
treatments were closer to the expected range (Table 7) and growth rate was significantly 
slower in the high versus the moderate treatment (Figure 11C). Slower mineral deposition 
and faster shell dissolution or energy deficiency and a corresponding increase of energy 
diverted from growth are two possible causes of this result (Beniash et al. 2010). 
C. gigas larvae in the high pCO2 treatment in this study consumed the least energy 
throughout the experiment, suggesting metabolic depression. Previous studies concerning 
energy use have shown both increased and decreased respiration rates in larvae under OA 
stress. Stumpp et al. (2011) found increased respiration rate in sea urchin larvae under 
elevated pCO2, although a lower percent of their overall energy use was put toward somatic 
development. Gastropod larvae also increase respiration rate under OA stress, but decrease 
growth and development (Zhang et al. 2014), suggesting these larvae may shift energy use 
toward maintaining acid-base balance. However, larvae may also be metabolically depressed 
under OA stress because they are less able to regulate in response to the acid-base shifts that 
occur as a result of OA than later life stages (reviewed in Pörtner 2008, Sokolova et al. 
2012). As in my study, metabolic rate depression was observed for C. gigas larvae in a 
previous study (Ko et al. 2013). Metabolic rate depression from OA stress often coincides 
with decreased growth and development, in addition to increased costs of basal metabolism 
and biomineralization (Beniash et al. 2010). In my study, C. gigas larvae had lighter shells 
(Figure 11). On one hand, this could be because the larvae in the high pCO2 treatment were 
not as successful at feeding and therefore had less energy available for growth. On the other 
hand, the decreased shell growth could suggest energy was shifted away from shell growth 
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under high pCO2 conditions. Furthermore, day 11 C. gigas larvae reared in the high pCO2 
treatment allocated the greatest proportion of energy to swimming (Figure 12C) and had the 
highest amount of energy use devoted toward swimming (Table 8). This high proportion of 
energy to swimming coupled with lower respiration rates means that far less energy could be 
allocated to growth in the high pCO2 treatment compared to others, and would result in little 
or no growth. Larvae on day 11 also had significantly greater downward displacement 
velocity in the high pCO2 treatment, but did not show any changes in speed. Increased 
downward velocity may, therefore, be an involuntary change in swimming performance 
possibly due to shell weight or energetic changes that caused larvae in the high pCO2 
treatments to drop more or switch to intermittent upward swimming less frequently than in 
the ambient or moderate pCO2 treatments.  
By day 25, C. gigas larvae in the high pCO2 treatment allocated less energy to 
swimming (Figure 12D) and had a higher respiration rate, which could suggest a shift toward 
allocating more energy to growth and development in later larval stages. Older larvae may 
also have been able to alter their feeding performance to deal with OA stress, but I did not 
measure feeding rate in this study. On day 25, larvae in all pCO2 treatments accumulated at 
the top of the water column. Larvae reared in the ambient pCO2 treatment had the heaviest 
shells; since heavier shells are likely to sink faster, this could be a reason why they had to 
allocate more energy to maintain a position at the top of the water column. Lighter shells in 
the high pCO2 treatment could help explain decreased sinking speeds that allowed larvae to 
maintain a higher vertical position in the water column. 
Since C. gigas maintained swimming, it is unlikely that larval transport would be 
affected by OA in this species, but the larval stages do appear to be compromised 
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morphologically. However, previous studies have shown pediveliger C. gigas can 
compensate for reduced metabolic and filtration rates through an increased post-settlement 
growth rate (Ko et al. 2013), which could indicate that, although younger C. gigas larvae are 
affected by OA stress, as they get older they have a greater ability to adapt. 
 
Effects of ocean acidification on O. lurida 
Effects of OA on swimming performance and behavior of O. lurida were most 
evident on the final day of sample collection (day 17 larvae). Day 17 up-swimming larvae in 
the high pCO2 treatment swam fastest (Figure 5C). These larvae also swam in the straightest 
path (Figure 9C) with increased helical pitch (Figure 9A). Chan & Grünbaum (2010) 
suggested that larvae compensate for decreases in swimming speed by reducing horizontal 
movement, allowing them to maintain consistent vertical velocities and thus preserve their 
ability to regulate depth. O. lurida larvae in this experiment did not alter their horizontal 
movement in the high pCO2 treatment, but they swam with increased pitch, which might help 
increase vertical movement. Thus, one might hypothesize that O. lurida larvae were 
swimming upward faster and with increased pitch in order to maintain upward swimming. 
However, O. lurida did not increase vertical velocity in the high pCO2 treatment despite 
increased speed and these behavioral changes. Interestingly, day 17 larvae also swam lowest 
in the water column (Figure 9I) and had the highest proportion of non-swimmers (Figure 8L), 
which indicates that these modifications did not allow the larvae to maintain vertical position 
in the water column. Day 17 larvae in all pCO2 treatments were close to settlement size, so a 
lower center of larval mass and increased proportion of non-swimming larvae could indicate 
that the larvae reared in the high pCO2 treatment may have adjusted their behaviors to 
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promote settlement. However, the fewest larvae settled in the high pCO2 treatment 
(Appendix B, Table B1), which could occur for multiple reasons: these larvae may not have 
been competent to settle, these behaviors may have compromised settlement, or OA stress 
may reduce settlement success. However, there were no significant differences in larval shell 
growth between pCO2 treatments for O. lurida in this study, which further suggests that the 
swimming behavior in the high pCO2 treatment was not the result of these larvae nearing 
competency and trying to settle more than in other treatments.  
Lack of morphological changes in this species suggests that swimming performance 
and behavior changes in this study were not the result of changes in larval shell density. 
Instead, changes in swimming speed and tortuosity coincided with an increase in the energy 
allocated to swimming on day 17 (Figure 13E) and the calculated amount of energy to 
swimming was also greatest in the high pCO2 treatment (Table 8). However, increased 
helical pitch, as was observed in day 17 larvae, may not require as much energy as 
maintaining tighter and more frequent helices. Thus, while day 17 larvae did shift energy 
allocation toward swimming, which could slightly decrease the energy allocated to other 
activities, larvae still had enough energy to maintain growth rates. However, a lower turning 
rate (as indicated by increased pitch) could decrease interaction with prey, resulting in 
decreased feeding success (Christmas 2013), and ultimately less energy available for other 
processes. Higher energetic demand for adjusting larval swimming behaviors and 
maintaining larval growth could help explain carry-over effects expressed as decreased 
growth rate in O. lurida juveniles when larvae were reared in high pCO2 conditions 
(Hettinger et al. 2013b). Such carry-over effects suggest that even small negative impacts of 
OA on larvae may ultimately reduce settlement and recruitment success (Ross et al. 2011).  
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Species-specific comparison 
Similar to other studies, the unique responses of C. gigas and O. lurida in this study 
show that the effects of OA are species-specific. One explanation for the different responses 
in these two species is in their life histories. O. lurida is a brooding species and, therefore, 
the larvae spend less time in the water column than C. gigas larvae do. Decreased larval 
exposure times experienced by brooded larvae compared to larvae of broadcast spawners 
could minimize OA stress, or brooding could protect larvae to some degree from the effects 
of ocean acidification in some other way. Lucey et al. (2015) looked into this hypothesis by 
studying polychaete worms living at the naturally acidic coastal vent system at Ischia Island, 
Italy. They found that the majority of the worm species in the vent areas were brooding or 
direct developers and the majority of these species were more abundant in the high CO2 vent 
areas than in nearby ambient CO2 areas. The trends in this study suggest that brooding may 
be beneficial to combating OA stress. However, further studies are required in order to show 
whether or not brooding benefits the larvae of other taxa and species, including oysters such 
as O. lurida. 
Despite minimal OA-effects on larval growth, studies have shown that juvenile O. 
lurida grow slower when they are exposed to OA as larvae (Hettinger et al. 2013 a, 2013b), 
suggesting that the later developmental stages are affected by OA regardless of the protection 
brooding may provide. In comparison, C. gigas are to some degree able to compensate for 
the negative affects of OA during the larval stage by increasing post-settlement growth rate 
(Ko et al. 2013). Additionally, C. gigas have been introduced and succeeded in several parts 
of the world, suggesting that this species is resilient and able to adapt to a wide variety of 
environments. O. lurida are native to areas that already experience elevated pCO2 and 
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consequently low aragonite saturation, for example in the Salish Sea, and may as a result 
have some genetic variability that allows them to survive in these conditions. Maternal 
variability has been shown in response to OA stress in bivalves (e.g. Miller et al. 2012, 
Parker et al. 2012). However, O. lurida are also more vulnerable to environmental stressors 
than C. gigas in general (White 2009), which may make them more susceptible to the long-
term effects of OA regardless of possible genetic variation. 
C. gigas larvae also appear to allocate energy to maintain swimming performance, 
whereas O. lurida larvae allocate energy to maintain shell building, but not swimming 
performance. O. lurida’s swimming behavior response of decreasing helical pitch under OA 
stress could result in decreased interaction with prey, but it could also serve to attract fewer 
predators as a result of reduced movement (Christmas 2013). Under ambient pCO2 
conditions C. gigas veligers swim in straighter paths than O. lurida veligers do (personal 
observation), so it is possible they do not need to significantly reduce helical pitch in order to 
maintain vertical position and avoid predators. On the other hand, C. gigas allocates more 
energy toward maintaining swimming, which may serve to help them maintain feeding and 
predator avoidance, but at the expense of growth and development.  
 
Implications for wild populations 
 Oyster larval swimming behavior significantly affects transport, connectivity, 
dispersal distance, and settlement success (North et al. 2008). In a natural setting, larvae 
cannot swim faster than horizontal currents and consequently can only control their vertical 
position in the water column. Therefore, a behavioral mechanism for controlling vertical 
location is important for determining where larvae end up in relation to horizontal currents, 
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ultimately determining their settlement success. However, these experiments were conducted 
entirely in a laboratory setting and vertical position identified in this study should be verified 
with studies on vertical position in the wild. Since bivalve veliger larvae swim at relatively 
slow rates (0.8-2.3 mm-1 on average; Hidu & Haskin 1978) they may not be able to modify 
their vertical position in the water column fast enough to efficiently respond to horizontal 
flow changes without timing vertical migrations in relation to tidal cycles (Manuel 2008). 
This timing is likely unique for different geographical areas and, therefore, needs to be 
studied to fully understand larval swimming behavior in the wild.  
There were no significant differences in swimming behavior or vertical position in the 
water column for C. gigas veligers. Therefore, transport of C. gigas larvae is not likely to be 
affected by OA. However, maintaining swimming performance and behavior appears to be 
morphologically and energetically costly in this species, which could lead to developmental 
delays and an increased duration in the water column. An increased period in the water 
column leaves larvae vulnerable to predation for a longer time and uses up more of the 
energy reserves necessary for settlement and metamorphosis (Cooley et al. 2012). Therefore, 
OA may influence the settlement success and juvenile populations of C. gigas. Since C. 
gigas is an economically important aquaculture species, understanding the morphological 
and physiological affects of OA are important for the long-term success of the industry. 
By contrast, this study showed that older O. lurida larvae alter their swimming 
performance and behavior. Under OA stress, fewer late stage O. lurida veligers swim at all 
and they do not maintain a consistent location in the water column, which alters where larvae 
are in respect to strong horizontal currents and consequently affects larval transport, 
settlement, and ultimately juvenile populations. If larvae are not maintained in their natal 
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basins due to changes in swimming and are swept by horizontal currents to basins without 
suitable settlement substrate, the success of future populations could be considerably lower. 
Incorporating these larval swimming results into a biophysically coupled model is a critical 
follow-up step to this study in order to fully determine how transport, connectivity, dispersal 
distance, and settlement success will be influenced by OA, which will affect the success of 
re-introduction efforts of O. lurida. Ultimately, this information concerning larval swimming 
could prove very important for understanding how specific populations will be affected by 
climate change and help to guide restoration and protective efforts. 
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APPENDIX A 
 
 
 
 
Figure A1. Box and whiskers plot of calculated pCO2 values for samples taken during 
experiments, showing the full range of the data excluding outliers (individual points). 
Filtered seawater (“FSW”) was collected directly from carboys of bubbled pre-equilibrated 
culture water during both experiments. These samples were collected on most days when 
samples were taken following 48 hours of incubation with larvae (“Larvae”, see Figure A2). 
FSW containing only algae (“Algae”, n=3 for each treatment) and incubated FSW (“IFSW”, 
n=3 for each treatment) were collected at the beginning of the O. lurida experiment 
following 48 hours of incubation. One-way ANOVA was run to determine that larvae and/or 
algae were not significantly altering pCO2 levels. One significant difference* was found 
(p<0.05), which could be the result of elevated CO2 in the atmosphere while taking this 
sample. Sample sizes for “FSW” and “Larvae” are in Table A1. 
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**Data not usable on day of experiment. 
 
Figure A2. All pCO2 values calculated throughout experiments on both species. Calculations 
were performed in co2sys (Pierrot et al. 2006) from measured total alkalinity (TA) and 
dissolved inorganic carbon (DIC). Two-way ANOVA was run to determine significant 
differences (p<0.01) between treatments during both experiments. Sample sizes are in Table 
A1. 
 
 
Table A1. Total sample size of DIC and TA samples used  
to calculate pCO2 for “FSW” and “Larvae” from C. gigas  
and O. lurida experiments. 
 
C. gigas Sample Size FSW Only With Larvae 
  Ambient 23 20 
  Moderate 21 18 
  High 22 20 
O. lurida Sample Size     
  Ambient 13 31 
  Moderate 11 25 
  High 14 32 
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Table A2. Correlation test results from Spearman and Pearson tests for morphological  
data from the C. gigas and O. lurida experiments. Length and width are consistently  
correlated throughout both experiments, whereas weight is not consistently correlated  
with length or width. 
 
C. gigas Test Statistic p-value rho Test Type 
Day 11 Length v. Width S = 5570.08 <0.001 0.845 Spearman 
Day 11 Length v. Weight S = 808.10 0.029 0.475 Spearman 
Day 11 Width v. Weight S = 706.10 0.011 0.541 Spearman 
Day 25 Length v. Width t = 18.75 <0.001 0.924 Pearson 
Day 25 Length v. Weight t = 0.99 0.338 0.265 Pearson 
Day 25 Width v. Weight t = 2.09 0.057 0.502 Pearson 
O. lurida Test Statistic p-value rho Test Type 
Day 5 Length v. Width S = 3061.24 <0.001 0.915 Spearman 
Day 5 Length v. Weight t = 0.77 0.456 0.194 Pearson 
Day 5 Width v. Weight S = 796.94 0.929 0.023 Spearman 
Day 9 Length v. Width t = 17.79 <0.001 0.919 Pearson 
Day 9 Length v. Weight t = -0.57 0.575 -0.126 Pearson 
Day 9 Width v. Weight t = -1.40 0.176 -0.299 Pearson 
Day 17 Length v. Width S = 4962.29 <0.001 0.862 Spearman 
Day 17 Length v. Weight t = 0.72 0.480 0.178 Pearson 
Day 17 Width v. Weight S = 793.82 0.473 0.181 Spearman 
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Table A3. ANOVA test results for analysis of the angle between the  
velum protrusion and the vertical swimming direction. 24 O. lurida larvae  
were analyzed in each pCO2 treatment at two different ages. There was 
a significant difference between age, so an angle of 29.51° was used for day  
5 larvae and a maximum angle of 28.89° was used for day 9 and 17 larvae.  
30 C. gigas larvae at two different ages showed no significant differences  
between ages, so a maximum angle of 32.15° was used for this species. 
 
 
C. gigas  df F-value p-value η2 
Age 1 0.136 0.71 0.003 
Age:Column 4 0.591 0.67 0.042 
Error 54 
   O. lurida df F-value p-value η2 
Treatment 2 0.409 0.66 0.006 
Age 1 6.418 0.01* 0.044 
Treatment:Age 2 0.188 0.83 0.003 
Error 138 
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APPENDIX B 
 
After the last day of sampling, approximately 210 day 17 O. lurida larvae were 
placed in two replicate 1 L bowls for each pCO2 treatment to assess the settlement success of 
these larvae after one week when they were 24 days old. Rough bricks were placed in each 
bowl to provide the larvae with a surface to settle on and temperature was kept at 20 °C. 
Approximately 90% of the culture water was reverse filtered every other day and replaced 
with new pre-equilibrated treatment water.  Larvae were fed 100,000 cells/mL of I. galbana 
following water changes. One-way ANOVA, followed by Fisher’s LSD were used to 
determine significance between pCO2 treatments.   
 
RESULTS 
 The number of settlers varied significantly between pCO2 treatments (ANOVA, F= 
9.46, P= 0.05). There were significantly more settlers in the ambient pCO2 treatment than in 
the high (Fisher’s, P= 0.023). 
 
Table B1. Number of settlers out of  
approximately 210 larvae counted one  
week after the final sampling day of the  
O. lurida experiment. 
 
Treatment Replicate # Settlers 
Ambient A 61 
Ambient B 46 
Mod A 11 
Mod B 34 
High A 7 
High B 2 
 
 	
